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Abstract  
Bioaerosols are airborne particles of biological origin including viruses, bacteria, pollen, 
fungi, and fragments of their metabolic products. Bioaerosol exposure may represent a health 
risk, in particular for risk groups such as immunosuppressed persons, and those suffering from 
allergies or respiratory diseases. Bioaerosols of sizes <2.5 µm are included as part of fine 
particulate matter (PM2.5), a criteria air pollutant that is small enough to reach and diffuse into 
lung alveoli. PM10 includes PM2.5 and coarser particles measuring 2.5–10 µm in diameter.   
This study seeks to assess outdoor bioaerosol number concentrations and size 
distributions in Las Vegas, NV, as the first step in understanding their health risks. PM2.5 and 
PM10 were collected on black polycarbonate filters for 24-hour duration using MiniVol air 
samplers on UNLV campus in the spring and fall of 2017. Bioaerosols in these samples were 
counted by a direct-stain fluorescence microscopic (DS-FM) method. The size of each particle 
was also measured, on a daily basis, from which the bioaerosol number concentrations, were 
determined. DS-FM results were analyzed by statistical methods to examine if there were 
significant differences between spring and fall with respect to bioaerosol number concentration 
and size distribution. The samples were also classified by wind conditions to explain the day-to-
day variability.   
A significant difference was found between the means of bioaerosol concentrations 
during spring and fall for both PM2.5 and PM10. Bioaerosols of 1 - 2.5 µm diameter were found to 
be the most common and peaked in PM10 samples collected during the fall. Windier conditions 
corresponded to higher concentrations of bioaerosols for both PM10 and PM2.5.This study could 
be a catalyst for further research on the bioaerosol-public health linkage, which would help 
refine the National Ambient Air Quality Standards to reduce adverse health outcomes.   
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Introduction 
Background and Motivation  
 The ubiquity and necessity of air for all life forms equates to the importance of studying 
it. Thousands of pollutants can invade our air supply at any given time, and cause detrimental 
effects to our bodies, especially to those that are elderly, juvenile or immunosuppressed. 
Especially of concern are primary biological aerosol particles (PBAP), more commonly known 
as bioaerosols. Bioaerosols consist of airborne bacteria, viruses, fungi, pollen, microalgae, 
protozoa, plant detritus, insect fragments, animal fur, and cell fragmentations with a wide range 
of particle sizes (Chen et al., 2019). They have the potential to distribute allergens and pathogens 
that can affect both human health and agriculture (Sofiev et al., 2013). Research has also shown 
that bioaerosols can deposit in the respiratory tract and are thus considered a human health risk 
(Phalen, R.F., & Phalen, R.N., 2013). 
The many potential sources of bioaerosols lead to their complex size and spatial 
distributions varying with time. Bioaerosols contribute to the make-up of particulate matter (PM), 
including PM2.5 and PM10, both of which are criteria air pollutants regulated by the U.S. 
Environmental Protection Agency (EPA) (EPA, n.d.). PM2.5 is particulate matter of the diameter 
2.5 µm or less (also known as PMfine) and PM10 (also known as PMcoarse) would include all PM2.5, 
as well as all aerosols 10 µm in diameter or less. PM is quantified by measuring airborne 
particles that pass through a size selective orifice (either 10 or 2.5 µm depending on desired 
measurement) and are then deposited on a filter paper, representing the fractions that are most 
likely to be inhaled into the human’s respiratory tract. A visual comparison of PM2.5 and PM10 
can be seen in Figure 1.   
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Figure 1. A visual representation of PM size relative to other objects, taken from epa.gov 
 
PM2.5 is primarily composed of motor vehicle, coal, oil and wood combustion particles 
(Laden, Neas, Dockery, & Schwartz, 2000). Due to the burning of these products and subsequent 
aerosolized products, higher concentrations of PM2.5 can be seen in cities (Laden, Neas, Dockery, 
& Schwartz, 2000). High concentrations can cause wheezing; coughing; eye, nose, throat, and 
lung irritation; inflammation; and oxidative stress (Anderson, Thundiyil, & Stolback, 2012). 
Increased exposure can lead to exacerbated respiratory symptoms, more frequent medication use, 
decreased lung function, increased inflammatory proteins, heart rate, cardiovascular disease and 
mortality (Weber, Insaf, Hall, Talbot, & Huff, 2016; Anderson, Thundiyil, & Stolback, 2012). 
Responses to PM can be both acute (e.g., increased doctors’ visits due to respiratory 
complications) and chronic (e.g. reduced life expectancy in areas with high PM levels) in nature 
(Russell & Brunekreef, 2009). In a 2010 review, it was found that exposure to PM2.5 over the 
course of a few hours to weeks can contribute to cardiovascular disease-related mortality, 
especially in the elderly, children and immunocompromised populations who are particularly 
sensitive (Brook, et al., 2010).    
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Elevated PM10 is associated with increased risk of hospital admissions from respiratory 
and circulatory diseases as well (Zhu et al., 2019). In a 2016 study conducted in Chengdu, China 
morbidity due to the burden of PM exposure was calculated. Daily mean levels during the study 
for PM2.5 and PM10 were 57.3 μg/m3 and 94.7 μg/m3 respectively, which exceed the World 
Health Organization’s (WHO) air quality guidelines (Zhu et al., 2019). The WHO’s limit for PM 
exposure in a 24-hour mean time is 25 μg/m3 for PM2.5 and 50 μg/m3 for PM10 (WHO, 2018). 
Myocardial infraction represented the largest morbidity burden observed.  About 11% of hospital 
admittances in the city for myocardial infraction could be attributed to elevated PM2.5 and PM10 
levels. The study concluded that both PM2.5 and PM10 increase the risk of morbidity, including a 
broad range of causes for hospital admittances, which results in substantial morbidity burden.  In 
2013, another study conducted in Beijing, China concluded that PM10 pollution was strongly 
associated with emergency department admissions for cardio-pulmonary diseases (Feng et al., 
2019). It was determined that PM10 was a significant health hazard for people living in the city, 
and subjects who were greater than 65 years of age and male tended to be more vulnerable to 
respiratory illness caused by PM10 exposure.  
The EPA’s Office of Air Quality Planning and Standards (OAQPS) has established the 
criteria for PM pollutants as part of the National Ambient Air Quality Standards (NAAQS) (EPA, 
2018). The NAAQS are established based on PM2.5 and PM10 mass concentrations: 35 µg/m3 in 
24-hour averages for PM2.5 and 150 µg/m3 in 24-hour averages for PM10, to ensure public safety. 
Per the Clean Air Act, every state is required to establish a network of monitoring stations to 
make sure standards are being met. The NAAQS were created because small particulate 
pollution has health impacts even at very low concentrations. There are currently no thresholds 
identified below which no damage to health is observed, which yields greater importance to 
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monitoring efforts (WHO, 2018). The EPA collects high quality air pollution data, needed by air 
regulators to implement NAAQS and thus develop effective preventive strategies to protect 
people and air quality (EPA, 2018). One such preventative strategy would be The Clark County 
PM10 plan, developed in 2004 as a means for meeting the Clean Air Act requirements for serious 
PM10 nonattainment areas in Clark County, Nevada (EPA, 2018). As part of this plan, the EPA 
approved a series of rules developed by the Clark County Department of Air Quality 
Management that aim to control fugitive dust sources (e.g., construction sites, unpaved roads and 
disturbed vacant lots) that contribute to PM10 noncompliance to the NAAQS (EPA, 2018).                         
 More recent assessments call for PM standards that consider not only PM mass but also 
chemical composition, since particles of different chemical compositions may have different 
health effects (Bell et al., 2007; 2012). Bioaerosols, for example, are associated with asthma, 
chronic obstructive pulmonary diseases, and various other respiratory illnesses in the indoor 
environments (Douwes et al., 2003). Outdoor bioaerosols are not commonly quantified by air 
quality monitoring networks, and therefore it has been difficult to evaluate how bioaerosols 
contribute to PM2.5/PM10 mass, prevalence, and associated toxicity. Recent studies suggest that 
bioaerosols can contribute substantially to PM, particularly coarse particles (PMcoarse) with a size 
range of 2.5 – 10 µm (Després et al., 2012; Fröhlich-Nowoisky et al., 2016; Chow et al., 2015; 
Liu et al., 2018). An exposure limit for bioaerosols has not yet been established (Walser et al., 
2015).   
Most research being conducted on bioaerosol exposure is in occupational hazard analysis 
settings. A study conducted in Australia revealed that about 47% of men and 40% of women 
were exposed to at least one potentially asthma-causing bioaerosol at their workplace (Mirskaya, 
E., & Agranovski, I.E., 2018). The bioaerosols in the study originated from a wide range of 
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activities including farming and gardening, food preparation and services, and metal and 
electronic works (Mirskaya, E., & Agranovski, I.E., 2018). Bioaersols collected in this study 
were measured as Colony Forming Units (CFU)/m3, and therefore only viable colony forming 
bioaerosols were counted. The Dust Bioaerosol Campaign carried out in remote areas of northern 
China in 2016 calculated the effects of dust events on the amount and diversity of bioaerosols 
(Tang et al., 2018). Collection and counting techniques in that study are similar to those put forth 
in this thesis. Researchers concluded that bioaerosols in non-dust samples were on the order of 
104 to 105 particles m-3 (0.01 – 0.1 # cm-3) and were 105 to 106 particles m-3 (0.1 – 1 # cm-3) in 
dust samples (caused by a windy event) and showed relatively high correlations with PM10 (Tang 
et al., 2018). 
In the desert southwest U.S., including the Las Vegas urban area, elevated pollen 
concentrations in spring are the most noticeable, as allergies are at their peak (Patel, T.Y., 2017). 
This is attributed to introduction of non-native plant species, rising temperatures, and high wind 
speeds. Las Vegas was ranked the second worst in the nation for ragweed allergies after Phoenix 
in 2011 (QUEST, 2011). It is possible that bioaerosol concentrations are elevated in spring along 
with the pollens. Ambient PM10 monitoring in Clark County was classified as “serious” 
nonattainment in 1993, and did not obtain PM10 NAAQS until November of 2014; bioaerosols 
might play an important role in the non-compliance (Las Vegas has remained compliant since) 
(Air Quality Planning, 2019). To further understand the role of bioaerosols in Las Vegas air 
quality, it is imperative to measure bioaerosol concentrations and examine their daily and 
seasonal variations. 
Objectives   
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The objective of this study is to investigate the outdoor bioaerosol levels and potential 
controlling factors (i.e., season and wind speed) to community exposure in Las Vegas, NV, thus 
advancing relevant measurement techniques and health risk assessment. The focus will be on the 
contrast between the spring (April and May) and fall (October, November and December) 
seasons with respect to bioaerosol number concentrations (# cm-3) in PM2.5 and PM10. Data 
collected will be examined via adherence to a fluorescence microscopic technique, which is 
compatible with conventional PM sampling systems and requires minimum sample preparation, 
a relatively short turnaround time, and low cost (Chen et al., 2019). This method also measures 
the bioaerosol size distribution, which is important to determine how the bioaerosols would 
penetrate into the human respiratory tract. 
Hypotheses  
Hypotheses to be addressed by this study include: 
1) H0: There is no difference in outdoor bioaerosol number concentrations between spring 
and fall or between PM2.5 and PM10. 
HA: There is a difference in outdoor bioaerosol number concentrations between spring 
and fall and between PM2.5 and PM10. 
2) H0: Bioaerosol size distributions will not vary between spring and fall or between 
PM2.5 and PM10.  
HA: Bioaerosol size distributions will vary between spring and fall and between PM2.5 and 
PM10. 
3) H0: Bioaerosol concentrations will not vary in differing wind conditions. 
HA: Bioaerosol concentrations will vary in differing wind conditions. 
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The first two hypotheses are related to relative health risk of bioaerosols between spring 
and fall, as higher concentrations and smaller particle sizes present higher risks. The third 
hypothesis evaluates whether day-to-day variability of bioaerosol concentrations exists, which 
may be affected by weather conditions.   
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Procedure and Methods   
To assess bioaerosols in Las Vegas, PM2.5 and PM10 were collected on polycarbonate 
filters using MiniVol air samplers located on the University of Nevada, Las Vegas (UNLV) 
campus daily in spring (4/1 – 5/31) and every three days in fall (10/7 – 12/18) of 2017. Fall 
samples followed the EPA’s collection schedule, and were collected less often due to time and 
resource constraints. Bioaerosols in the samples were quantified using direct staining-
fluorescence microscopy (DS-FM). DS-FM is applied directly to air filters using DAPI (20 µg 
ml-1 of 4’,6-diamidino-2-phenylindole from: Fisher Sci., Hampton, NH, USA) stain as a DNA 
marker. The DNA marker is an efficient and viable means to distinguish between biological and 
non-biological particles. 
PM Sampling  
Sampling Location   
Samples were taken on the roof of the Juanita Greer White Life Sciences (WHI) building 
on the UNLV campus (Figure 2). A map of the UNLV campus, and the WHI building’s exact 
location can be found in Appendix A. It is a central location in the Las Vegas Valley, and high 
enough to encounter full urban-scale transport (i.e. wind).  
 
 9 
 
Figure 2. Sample collection site: the WHI roof, at the UNLV campus. 
 
Air Sampling  
Five 5 L min-1 MiniVol samplers (Airmetrics, Springfield, Oregon, USA) equipped with 
blank, 2.5 or 10 µm (aerodynamic diameter) size-selective inlets were used (Figure 3). Three 
samplers (a PM2.5, PM10 and blank sample) were run on a twenty-four-hour sampling schedule 
timer that took place from midnight to midnight. Samples were taken every day in spring (60 
days) but every 3 days in fall (25 days) following the U.S. EPA’s sampling schedule. It was 
decided that the EPA’s schedule should be followed due to lab restraints prohibiting more days, 
and as a means for comparability.   
Air sample particles were deposited on 47-mm diameter black polycarbonate (BCP) 
filters (PCTE, 0.2-µm pore size, GVS N.A., Sanford, ME, USA) as these filters provided the best 
contrast for imaging. This yielded a 42-mm diameter sampling area, from which six 13-mm 
diameter discs could be punched out and used for analysis. Pollen and fungi were sampled and 
counted simultaneously at the site as part of the Clark County School District (CCSD) pollen-
monitoring network (Patel, T.Y., 2017). The Clark County Air Quality Department monitored 
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PM2.5 and PM10 across the Las Vegas Valley during the study period as part of the U.S. EPA 
compliance network. The data are available to compare bioaerosol and PM concentrations.  
 
 
Figure 3. A) A MiniVol air sampler and B) its PM10 size selective inlet. 
 
Laboratory Analysis 
Staining and Microscopic Imaging 
The direct staining (DS) method was used by depositing 20 µg ml-1 of 4’,6-diamidino-2-
phenylindole (DAPI, Fisher Sci., Hampton, NH, USA) onto a clean microscope slide to 
distinguish biological material with fluorescence. After which, a 13-mm diameter disc with 
ambient air deposits was placed on top with exposed side facing up. This approach allows the 
stain to permeate through the filter and interact with the particles deposited while avoiding 
excess stain on the surface, which could increase the fluorescence background noise (Griffin, 
(B) (A) 
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Garrison, Herman, & Shinn, 2001). Samples were then incubated for 20 minutes in the dark to 
develop blue fluorescence. After the incubation, a glass coverslip was placed on top with a 
water-soluble, anti-bleaching adhesive (Fluoromount-GTM, Southern Biotech, Birmingham, AL, 
USA).  
Samples were then observed under a fluorescence microscope (BX51, Olympus, Tokyo, 
Japan) with an excitation and emission wavelength centered at 350 nm and 460 nm. 
Fluorescence images were taken and recorded by a charge coupled device (CCD) camera (DP70, 
Olympus, Tokyo, Japan). The microscope/camera system was optimized for image contrast and 
remained the same for all samples. At least 35 images of random fields of view (0.22×0.166 mm2) 
were captured for each sample under 400x magnification. Examples of sample pictures can be 
seen in Figure 4.     
 
 
Figure 4. Sample fluorescence microscope images collected in Clark County, NV.  
A) Fall PM2.5 sample collected on 11/15/17. B) Fall PM10 sample collected on 11/15/17.  
 
Bioaerosol Number and Size Measurements  
A) B) 20 µm  
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Automated bioaerosol enumeration from fluorescence images was achieved using the 
ImageJ® software. ImageJ® quantifies the number of fluorescent particles in the images and the 
projected area (Ap) of each particle, yielding the equivalent projected area diameters (Deq,A). 
𝐷!",! = 2 !!! ! !          
Bioaerosol concentrations were then calculated from mean particle counts over all 
fluorescence images taken from each sample, excluding outliers. Outliers include: counts more 
than the median count plus 1.5 times the interquartile range and counts less than the median 
count minus 1.5 times the interquartile range. Outliers may be caused by contamination, particle 
loss, and/or image processing difficulties.         
All outlier images were excluded from the calculation of concentrations. Numbers were 
initially reported in # cm-2 and converted to ambient concentrations (i.e., # cm-3) using recorded 
MiniVol sampling durations, flow rates, and filter deposit areas.  
Statistical Analysis  
 
Statistical comparisons were conducted using SPSS programing. Descriptive statistics 
include minimum, maximum, mean, and standard deviations of bioaerosol concentrations in 
PM2.5 and PM10 for the spring and fall. Furthermore, significance (i.e., p values with 95% 
Confidence Intervals) was calculated using either a 2-tailed paired or unpaired sample T-test, as 
the first compares two means from related populations and the later compares unrelated 
populations. (SPSS Tutorials: Home, 2019). Significance was tested between fall PM2.5 and fall 
PM10 (paired t-test), fall PM2.5 and spring PM2.5 (unpaired t-test), fall PM10 and spring PM10 
(unpaired t-test), and spring PM2.5 and spring PM10 (paired t-test) for bioaerosol number 
concentrations. If the p-value was less than 0.05, the null hypothesis (that there was no difference 
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between the means) was rejected and it was concluded that a significant difference does exist. 
This test addressed the first hypothesis. 
 Bioaerosol size distributions of PM2.5 and PM10 samples were also compared between the 
spring and fall. Particle sizes were classified into the following intervals based off of ImageJ® 
counting: >10, 5.6-10, 2.5-5.6, 1-2.5, 0.56-1, 0.37-0.56 µm, as the size detection limit is ~0.37 
µm. The similarity of size distribution between spring and fall PM10 (or PM2.5) was evaluated by 
Pearson’s correlation coefficients across all size bins. A correlation coefficient > 0.9 was 
considered as equivalent size distributions. This test addressed the second hypothesis.       
Wind Conditions  
Weather patterns, specifically wind conditions were recorded for each sample. Wind 
conditions were collected from the  National Oceanic and Atmospheric Administration’s 
National Centers for Environmental Information (NCEI) at the KLAS (Las Vegas McCarran 
International Airport) station (NCEI, 2019).  Windy conditions may correspond to higher 
concentrations of bioaerosols. Bioaerosol concentrations of PM2.5 and PM10 were further 
classified as having been collected during Calm, Moderate, and Windy conditions and compared 
via 2-tailed unpaired sample t-tests to determine if they were significantly different from one 
another (95% confidence interval). The “Calm” condition referred to a daily mean wind speed < 
2.6 m sec-1 and fastest 2-min wind speed ≤ 7.6 m sec-1 while the “Windy” condition referred to a 
daily mean wind speed > 5.5 m sec-1 and fastest 2-min wind speed ≥ 10.3 m sec-1. Wind 
conditions that were between those described above were considered as the “Moderate” 
condition.  
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Results   
Bioaerosol Number Concentrations  
 Bioaerosol daily variations in particle counts by season can be found in Table 1 (spring) 
and Table 2 (fall). The dates collected, sample ID number, concentrations of both PM2.5 and 
PM10 (# cm-3), average daily temperature (°C) on collection day, the daily mean wind speed (m s-
1), fastest 2-minute wind speed and precipitation (mm) are listed in each seasonal table. The time 
series, along with the daily pollen and fungal spore counts is also shown in Appendix B.    
 
Table 1. Daily Bioaerosol Counts and Meteorological Parameters in Spring 2017, Clark County, 
NV 
 
Date Sample PM2.5  
Bioaerosol 
Concentration 
(cm-3) 
PM10 
Bioaerosol 
Concentration 
(cm-3) 
Temp 
(°C) 
Daily Mean 
Wind Speed 
(m s-1) 
Fastest 
2-min 
Wind 
Speed 
(m s-1) 
Precipit
ation 
(mm) 
4/1/17 36 0.06 0.10 18.6 5.2 10.7 0 
4/2/17 37 0.10 0.10 19.7 1.9 5.8 0 
4/3/17 38 0.10 0.12 21.4 3.6 16.5 1 
4/4/17 39 0.06 0.14 15.6 2.6 7.2 0 
4/5/17 40 0.05 0.15 17.7 1.9 5.4 0 
4/6/17 41 0.12 0.15 20.1 3.4 9.8 0 
4/7/17 42 0.09 0.32 23.8 5.8 10.3 0 
4/8/17 43 0.51 0.56 21.3 8.2 13 0 
4/9/17 44 0.05 * 15.7 3.8 11.3 0 
4/10/17 45 0.16 0.14 16.3 1.7 4.5 0 
4/11/17 46 0.20 0.28 19.6 2.7 8.9 0 
4/12/17 47 0.29 0.12 22.4 3.9 8.1 0 
4/13/17 48 0.24 0.64 23.7 7.6 14.3 0 
 15 
4/14/17 49 0.15 0.33 18.4 2.4 8.9 0 
4/15/17 50 0.11 0.22 20.5 2.1 6.3 0 
4/16/17 51 0.21 0.21 22.5 3.2 9.8 0 
4/17/17 52 0.13 0.27 24.6 6.6 12.5 0 
4/18/17 53 0.14 0.15 23.8 6.8 14.8 0 
4/19/17 54 0.15 0.30 21.3 2.5 6.7 0 
4/20/17 55 0.13 0.16 23.3 3.7 9.4 0 
4/21/17 56 0.07 * 22.9 4.3 9.8 0 
4/22/17 57 0.12 0.16 22.3 3 7.6 0 
4/23/17 58 0.18 0.49 25.4 5.9 12.5 0 
4/24/17 59  0.49 23.9 3.8 10.3 0 
4/25/17 60 0.14 0.24 22.8 7.5 14.8 0 
4/26/17 61 0.16 0.34 21.4 3.7 8.9 0 
4/27/17 62 0.20 0.26 24.9 7.6 13.9 0 
4/28/17 63 0.22 0.26 20.7 9.2 15.7 0 
4/29/17 64 * * 18.1 5.1 10.3 0 
4/30/17 65 0.12 0.10 21.2 2.5 4.5 0 
5/1/17 66 0.11 0.15 24.9 3.3 8.9 0 
5/2/17 67 0.13 0.20 26.3 2.3 7.6 0 
5/3/17 68 0.19 0.23 28.3 3 8.1 0 
5/4/17 69 0.15 * 27.7 1.6 4 0 
5/5/17 70 0.29 0.49 30.1 4 10.7 0 
5/6/17 71 0.43 0.42 29.3 5.8 12.5 0.3 
5/7/17 72 0.56 1.45 17.3 3.4 10.3 1.8 
5/8/17 73 0.57 0.58 16.4 1.7 5.8 0 
5/9/17 74 0.26 0.21 21.4 3.5 10.3 0 
5/10/17 75 0.12 0.13 16.9 3.4 8.1 0 
5/11/17 76 0.14 0.25 23.3 3.2 7.6 0 
5/12/17 77 0.33 0.17 28.1 5.9 11.2 0 
5/13/17 78 0.21 0.64 23.9 4.1 14.3 0 
5/14/17 79 0.17 0.28 23.6 5 10.3 0 
5/15/17 80 0.21 0.26 21.3 6.2 10.7 0 
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5/16/17 81 0.32 0.71 19 4.6 11.6 0 
5/17/17 82 0.24 0.46 21.6 6 16.1 0 
5/18/17 83 0.19 0.24 18.8 3.3 20.6 0 
5/19/17 84 0.07 0.14 17.9 1.9 6.3 0 
5/20/17 85 0.11 0.12 23.6 1.8 5.8 0 
5/21/17 86 0.14 0.11 27.2 2.6 9.4 0 
5/22/17 87 0.25 0.18 30.1 2.8 8.1 0 
5/23/17 88 0.04 * 30.4 1.8 5.8 0 
5/24/17 89 0.13 0.21 32.9 5.5 11.2 0 
5/25/17 90 0.08 0.31 31.5 6.2 12.5 0 
5/26/17 91 0.05 0.13 27.9 4.9 9.4 0 
5/27/17 92 0.06 0.08 27.5 2.7 8.1 0 
5/28/17 93 0.05 0.09 29.2 2.6 8.1 0 
5/29/17 94 0.04 0.10 29.8 2 6.7 0 
5/30/17 95 0.06 0.09 31.4 2.4 6.3 0 
5/31/17 96 0.06 0.13 30.9 3.1 10.7 0 
Averages  0.17 0.27 23.3 3.98 9.83 0.05 
*Missing data was due to MiniVol sampler malfunction  
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Table 2. Daily Bioaerosol Counts and Meteorological Parameters in Fall 2017, Clark County, 
NV  
 
Date Sample PM2.5  
Bioaerosol 
Concentration 
(cm-3) 
PM10 Bioaerosol 
Concentration 
(cm-3) 
Temp 
(°C) 
Daily Mean 
Wind Speed 
(m s-1) 
Fastest 
2-min 
Wind 
Speed 
(m s-1) 
Precipita
tion 
(mm) 
10/7/17 201 0.14 0.33 22.2 1.6 3.6 0 
10/10/17 202 0.10 0.33 16.6 1.7 6.3 0 
10/13/17 203 0.36 0.46 21.1 1.7 4.5 0 
10/16/17 204 0.17 0.49 20.5 1.1 3.6 0 
10/19/17 205 0.48 0.55 24.4 3.1 8.1 0 
10/22/17 206 0.08 0.21 20 1.2 4 0 
10/25/17 207 0.16 0.22 22.2 1.4 4 0 
10/28/17 208 0.28 0.41 21.6 1.9 6.3 0 
10/31/17 209 0.36 0.62 21.1 1.9 4 0 
11/3/17 210 0.09 0.13 17.7 5.4 10.3 0 
11/6/17 211 0.09 0.23 16.6 4.3 8.1 0 
11/9/17 212 0.14 0.25 17.7 3.3 7.6 0 
11/12/17 213 0.25 0.42 15 1.2 3.6 0 
11/15/17 214 0.41 0.60 14.4 1.2 3.6 0 
11/18/17 215 0.11 * 11.6 3.1 11.2 0 
11/21/17 216 0.41 0.85 15.5 1.0 3.1 0 
11/24/17 217 0.18 0.31 17.7 1.2 3.6 0 
11/27/17 218 0.39 1.30 17.2 7.2 17.4 0 
11/30/17 219 0.50 0.27 13.3 1.2 2.7 0 
12/3/17 220 0.52 1.32 17.2 8.1 17.4 0 
12/6/17 221 0.06 0.18 12.2 3.7 9.4 0 
12/9/17 222 0.10 0.52 11.6 1.4 4 0 
12/12/17 223 0.48 0.68 11.6 1.3 4 0 
12/15/17 224 0.58 0.51 9.4 1.6 3.6 0 
12/18/17 225 0.28 0.54 9.4 1.2 5.8 0 
Averages   0.27 0.49 16.7 2.48 6.39 0 
*Missing data was due to MiniVol sampler malfunction 
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 The minimum bioaerosol number concentrations for PM2.5 were 0.06 cm-3 in the fall and 
0.04 cm-3 in the spring of 2017. For PM10 the minimum bioaerosol concentrations were 0.13 cm-3 
in the fall and 0.08 cm-3 in the spring. The maximum bioaerosols concentrations for PM2.5 were 
0.58 cm-3 and 0.57 cm-3 in the fall and spring, respectively. The maximum bioaerosol 
concentrations for PM10 were 1.30 cm-3 and 1.45 cm-3 in the fall and spring respectively. With 
respect to the mean and standard deviation, fall bioaerosol concentrations were 0.27 ±0.17 cm-3 
for PM2.5, and 0.49 ±0.31 cm-3 for PM10. In spring mean bioaerosol concentrations were lower at 
0.17 ±0.12 cm-3 for PM2.5, and 0.27 ±0.23 cm-3 for PM10. Descriptive statistics can be found in 
Table 3. Although the overall bioaerosol concentrations appear to be higher in fall than in spring, 
the PM2.5/PM10 bioaerosol ratios are consistent, being 0.55 in fall and 0.63 in spring, implying 
similar size distributions.   
      
Table 3. Descriptive Statistics of Fall and Spring Bioaerosol Concentrations (cm-3) in 2017, 
Clark County, NV  
 
Descriptive Stats # of 
Samples 
Min Max Mean Std. Dev. 
Fall PM2.5 25 0.06 0.58 0.27 0.17 
PM10 24 0.13 1.30 0.49 0.31 
Spring PM2.5 59 0.04 0.57 0.17 0.12 
PM10 56 0.08 1.45 0.27 0.23 
 
 
T-Tests for Seasonal and PM-Type Differences  
 Paired sample t-tests were conducted to compare the means of two related groups to 
determine if they were significantly different from each other. SPSS was used to perform the 
paired sample t-test for bioaerosol concentrations in the following groups: 1) fall PM2.5 versus 
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fall PM10 and 2) spring PM2.5 versus spring PM10 to find PM-type differences. Unpaired sample t-
tests were conducted to compare the means of two unrelated groups (equal variances were not 
assumed) including: 3) fall PM2.5 versus spring PM2.5 and 4) fall PM2.5 versus spring PM10 to find 
seasonal differences. The results of these tests are summarized in Table 4. Since all p-values are 
all less than 0.05, we reject the null hypothesis that there is no difference between the means and 
conclude that a significant difference does exist. This means that outdoor bioaerosol number 
concentrations differ significantly between PM2.5 and PM10 and between spring and fall 
 
Table 4. Significance of Seasonal and PM-Type Differences in 2017, Clark County, NV    
 Paired T-Tests Unpaired T-Tests 
Fall 
PM2.5 
Fall 
PM10 
Spring 
PM2.5 
Spring 
PM10 
Fall  
PM2.5 
Spring 
PM2.5 
Fall    
PM10 
Spring 
PM10 
Sig. (2-tailed) < .001 < .001 .011 .004 
 
 
Bioaerosol Size Distributions 
 Bioaerosol size distributions of PM2.5 and PM10 samples have also been compared 
between the spring and fall. Particle sizes are classified into the following intervals based on 
ImageJ® sizing/counting: >10, 5.6-10, 2.5-5.6, 1-2.5, 0.56-1, 0.37-0.56 µm, as the size detection 
limit is ~0.37 µm. The average size distributions for fall and spring are shown in Figure 5. Most 
bioaerosols are between 1 and 2.5µm in diameter, and so they are classified as PM2.5. Coarse 
particles (> 2.5 µm in diameter) accounted for 21-22% of PM10 bioaerosols and 11-12% of PM2.5 
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bioaerosols. This could be due to coarse particles making it passed the PM2.5 size-selective inlets, 
or due to particles settling on the filter paper after removal from the inlet. 
 
 
Figure 5. Bioaerosol Size Distributions in Fall and Spring PM2.5 and PM10 Samples 2017, Clark 
County, NV 
 
 
Size order by bioaerosol abundance did not vary substantially between spring and fall, 
2017. The similarity of size distributions between spring and fall PM2.5 and PM10 bioaerosols was 
further evaluated by Pearson’s correlation coefficients across all size bins; a correlation 
coefficient > 0.9 would be considered as equivalent size distributions (the closer the value to the 
unity, the stronger the relationship). The correlation coefficients (r-values), shown in Table 5, 
are all above 0.9, and consistent with equivalent size distributions for all the categories. 
Although bioaerosol concentrations varied significantly by season, their size distributions appear 
to remain the same.     
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Table 5. Pearson’s Correlation Coefficients (r-value) Among Bioaerosol Size Distributions of 
Different Season and PM Fractions, 2017, Clark County, NV  
 
 Fall PM2.5 Fall PM10 Spring PM2.5 Spring 
PM10 
Fall PM2.5 --- 0.986 1.000 0.991 
Fall PM10 0.986 --- 0.985 0.998 
Spring 
PM2.5 
1.000 0.985 --- 0.990 
Spring 
PM10 
0.991 0.998 0.990 --- 
 
 
Wind Conditions  
Daily mean and the fastest 2-min wind speeds for each sampling day can be found in 
Tables 1 and 2. In total for the spring there were 18 Calm, 27 Moderate and 15 Windy days 
recorded. Windier conditions corresponded to higher bioaerosol concentrations in both types of 
PM in the spring (Chen et al., 2019). For the fall there were 17 Calm, six Moderate and two 
Windy days recorded. The windy condition appeared to have the highest bioaerosol 
concentrations of both types of PM in both the spring and fall (Figure 6). The average 
concentrations for fall PM2.5 and PM10 bioaerosols under calm conditions were 0.29 # cm-3 and 
0.46 # cm-3, respectively, at a mean wind speed of 1.4 m s-1. The average concentrations for fall 
PM2.5 and PM10 bioaerosols under moderate conditions were 0.16 cm-3 and 0.27 cm-3, 
respectively, at a mean wind speed of 3.47 m s-1. The average concentrations for fall PM2.5 and 
PM10 bioaerosols under windy conditions were 0.46 cm-3 and 1.31 cm-3, respectively, at a mean 
wind speed of 7.65 m s-1. On the other hand, the average concentration for spring PM2.5 and PM10 
bioaerosols under calm conditions were 0.13 cm-3 and 0.18 cm-3, respectively, at a mean wind 
speed of 2.13 m s-1. The average concentrations for spring PM2.5 and PM10 bioaerosols under 
 22 
moderate conditions were 0.17 cm-3 and 0.30 cm-3, respectively, at a mean wind speed of 3.65 
m/s. The average concentrations for spring PM2.5 and PM10 bioaerosols under windy conditions 
were 0.22 cm-3 and 0.34 cm-3, respectively, at a mean wind speed of 6.72 m/s. Figure 6 shows 
the bioaerosol concentrations of each type of PM by each wind condition.  
 
 
 
Figure 6. Spring and Fall PM2.5 and PM10 2017 Bioaerosol Concentrations by Wind Conditions 
in Clark County, NV  
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Unpaired sample T-tests (equal variances not assumed) were conducted to assess the 
differences in the means of bioaerosol concentrations across different wind conditions in the fall 
and spring, and the results can be found in Table 6. In the fall, a significant difference can be 
seen between: the moderate and windy conditions in PM2.5, the calm and windy conditions in 
PM10, and moderate and windy conditions in PM10. This confirms that bioaerosol concentrations 
are correlated with wind speed. In the spring, a significant difference can be seen between the 
calm and windy conditions in PM10.  
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Table 6. Un-Paired Sample T-test Significance Results Bioaerosol Concentrations Under 
Different Wind Conditions in the Fall and Spring, 2017, Clark County, NV  
 
Un-Paired Sample T-Test Significance 
(2-tailed) 
 Fall PM10 
Fall 
PM10 
 Calm Mod. Windy 
Calm --- .084 .000 
Mod. .084 --- .000 
Windy .000 .000 --- 
 
 
 
 
 
 
 
 
Un-Paired Sample T-Test Significance 
(2-tailed) 
 Fall PM2.5 
Fall 
PM2.5 
 Calm Mod. Windy 
Calm --- .136 .168 
Mod. .136 --- .043 
Windy .168 .043 --- 
Un-Paired Sample T-Test Significance 
(2-tailed) 
 Spring PM2.5 
Spring 
PM2.5 
 Calm Mod. Windy 
Calm --- .488 .178 
Mod. .488 --- .447 
Windy .178 .447 --- 
Un-Paired Sample T-Test Significance 
(2-tailed) 
 Spring PM10 
Spring 
PM10 
 Calm Mod. Windy 
Calm --- .199 .022 
Mod. .199 --- .976 
Windy .022 .976 --- 
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Discussion  
Hypotheses for the Bioaerosol Variations and Sources    
 Regarding the hypotheses of this study, analysis indicates that:  
1) There was a difference in outdoor bioaerosol number concentrations between spring 
and fall and between PM2.5 and PM10.  
2) Bioaerosol size distributions did not vary noticeably between spring and fall or 
between PM2.5 and PM10.  
3) Bioaerosol concentrations did vary in differing wind conditions.  
Bioaerosol concentrations were higher in the fall than in the spring, which contradicts the 
belief due to elevated allergies and the blooming season that they would be higher when pollen 
counts are higher, in the spring. A study conducted by Patel et al. (2018a) showed a secondary 
peak of grass pollen in the fall that may contribute to this conclusion. With respect to fungal 
spores, Cladosporium species were the second most dominant spore type with the highest 
concentrations found in the Las Vegas Valley during the fall months (Patel et al., 2018b). It 
should be noted that pollen and fungal spores accounted for only a small fraction (<1%) of 
bioaerosols observed in this study (Appendix B). The majority of bioaerosols might be attributed 
to bacteria and/or plant detritus with unknown seasonal variations or various degraded biological 
particles.   
Since most of the bioaerosols were less than 2.5 µm in diameter and part of PM2.5, the 
bioaerosol size distributions between the PM2.5 and PM10 samples appeared similar. Moreover, a 
very good agreement between the bioaerosol size distributions in fall and spring (r > 0.98 for 
both PM2.5 and PM10) suggests a common source may have contributed to bioaerosols in the two 
seasons. This is important from a public health standpoint as smaller particles can settle and 
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deposit into the lower airways, exacerbating respiratory and cardiovascular symptoms. 
Vulnerable groups (e.g., elderly, children and immunocompromised) should stay aware of PM 
levels in their area and avoid exposure above NAAQS.     
Higher wind speeds are correlated with higher bioaerosol concentrations. Winds can 
elevate bioaerosols by re-suspending desert surface microorganisms into the air that were 
previously settled in soil. These surface soil particles may be the dominant source of bioaerosols 
in Las Vegas, which explains the similar bioaerosol size distributions year-round. To test this 
hypothesis, future studies should investigate the bioaerosol concentration and size distribution in 
surface soils around the valley.   
Potential Limitations of the Study   
Potential limitations to this study include insufficient number of air samples taken, or 
insufficient pictures taken to quantify bioaerosols accurately. There were more samples taken in 
the springtime versus the fall due to time and resource constraints, but this was combated using 
averages. There are also some uncertainties as to the accuracy of the ImageJ® program and 
whether the DS method is the most appropriate means to quantify results; however, hand 
counting was conducted to combat this limitation and test the accuracy of the program. Hand 
counting is the standard method to count fluorescent particles using a microscope, but it is very 
time consuming and there were thousands of images to count. ImageJ® accuracy was evaluated 
by comparing its results to hand counting results from several samples to obtain 10 % similarity 
of bioaerosol concentrations for  >20 per field of view.     The study would need to have a longer 
duration to examine if the variables of wind and precipitation have a long-term effect on 
bioaerosol number and mass concentrations in the Las Vegas Valley. Using alternative methods 
to quantify bioaerosols (e.g. the measurement of total proteins) will further confirm observations.   
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Conclusion  
The objective of this study was to investigate the outdoor levels of bioaerosols and 
controlling factors (i.e. season and wind speed) to community exposure in Las Vegas, NV, thus 
advancing relevant measurement techniques and health risk assessment. Outdoor bioaerosol 
concentrations and size distributions were quantified for the first time in Las Vegas.  It was 
determined that outdoor bioaerosol number concentrations varied between both PM2.5 and PM10 
and between spring and fall, and furthermore, all differences were statistically significant. Higher 
bioaerosol concentrations were observed in fall; in contrast to the common wisdom that spring 
blooming season produces higher bioaerosol levels. The difference may be attributed to higher 
wind speeds under windy conditions in the fall, which re-suspend bioaerosol particles previously 
settled on the surface soils. Wind re-suspension being the dominant source of bioaerosols is 
further supported by similar bioaerosol size distributions between fall and spring. Although 
higher pollen concentrations did occur in spring, pollen only contributed to a very small fraction 
of bioaerosols observed in this study.  
This study reported higher bioaerosol number concentrations than others that used only 
colony forming units for numeration. Results in this study most closely resemble The Dust 
Bioaerosol Campaign Study in northern China (Tang et al., 2018) where researchers concluded 
that bioaerosols in non-dust samples were on the order of 104 to 105 particles m-3 (0.01 – 0.1 # 
cm-3) and in dust samples (caused by a windy event) were 105 to 106 particles m-3 (0.1 – 1 # cm-3) 
and showed relatively high correlations with PM10 (Tang et al., 2018). However, in this Las 
Vegas study, the bioaerosols were most often measured in the 0.56 - 1, 1 - 2.5, and 2.5 - 5.6 µm 
size ranges, and dominated by particles in the 1 - 2.5 µm range. Higher concentrations were 
associated with windy events in both studies. There have been more studies focusing on 
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bioaerosols in China, as opposed to the U.S., possibly due to its increased industrialization and 
awareness of air pollution.    
Bioaerosols have the potential to distribute allergens and pathogens and are thus an 
agricultural and human health risk; they (as well as other constitutes) determine PM toxicity. It is 
necessary to quantify bioaerosols as they can be important PM components and contribute to 
PM10 values exceeding standards. Findings from this study indicate that bioaerosols can 
contribute significantly to PM2.5 and PM10 in the Las Vegas Valley, and pose greater risk on 
windy days. High quality air pollution data are needed to regulate and implement NAAQS to 
develop effective preventative strategies. Preventative strategies will help people to stay safe and 
limit exposure to criteria air pollutants like PM. The health risks of bioaerosols have been 
reported in previous occupational exposure studies; for protecting public health, understanding 
the public exposure to bioaerosols by monitoring ambient concentrations is essential.  
The relative risk of bioaerosol exposure at the levels observed in this study has yet to be 
fully assessed; and therefore, further investigations into outdoor bioaerosols in the Las Vegas 
Valley are warranted in order to better understand their spatiotemporal variations and potential 
sources. As an exposure limit for bioaerosols has not yet been established, the resulting data 
should also be implemented in a epidemiological comparison study, correlating between elevated 
bioaerosol levels and health outcomes (e.g. cardio-respiratory illnesses or increased hospital 
room visits for asthma-like symptoms) to establish a set standard for bioaerosols. Understanding 
the controlling factors of bioaerosols (i.e., winds) will also help to implement strategies to lower 
bioaerosols, and therefore PM, to reduce impacts on public health.    
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Appendix A: Location of WHI building on UNLV campus. Taken from: 
https://universityofnevada-lasvegas.myuvn.com/campus-map/   
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Appendix B: Time Series of Bioaerosol Fungal Spore and Pollen Number Concentrations 
Measured at the UNLV Site in 2017 
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